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Abstract
The impedance spectra of thin gold electrodeposits with 10 -6-10-3 cm average columnar radius and
4 x 10 -6-3 X 10 -4 cm average height have been measured in acid solutions . Frequency dispersion has
been observed for film thicknesses greater than 3 x 10 _ ' cm and electrolyte resistivities larger than 300 2
cm - ' . STM-SEM observations reveal a sclf-affine surface structure with a size distribution of pores
ranging from 10 -6 to 10-4 cm between the columnar elements . In diluted solutions the contribution of
the smallest pores to the sampled electrode area decreases as a increases explaining the observed
frequency dispersion. This result confirms that self-affine surfaces exhibit a fractional-power-law imped-
ance. However, no simple correlation was found between the a value and the D value of the self-affine
surface measured by an independent method. The present results also show that the electrolyte resistivity
plays a certain role in determining the a value .
INTRODUCTION
The impedance, Z(w), of rough and porous electrodes has been the subject of
recent work carned out to determine the properties of real surfaces, particularly the
roughness characteristics, in terms of complex equivalent circuits [1-4]. Measure-
ments of this type seem to be very promising as a possible way to study euclidean
and fractal rough structures [4] .
The impedance spectra of rough metal electrodes i.e. the Z(w) vs, w plot can be
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where A is a frequency-independent parameter, i=(-1) 12, w is the angular
velocity (w = 21rf, f, the frequency) and a is a number between 0 and 1 . In the
absence of faradaic processes, Z(w) is given by (iwC) - ', so the logwC vs. logw
plot gives the a value. For smooth surfaces a is equal to 1, and for long pore
structured electrodes a becomes equal to 0 .5 [5] . This means that a appears to be a
structure dependent parameter. Accordingly, attempts were made to relate a to D,
the fractal dimension of the metal electrode surfaces . However, for an electrode
characterized by a certain value of a, D depends on the chosen model [6-9], as
explained in ref . 4. In spite of this, interesting information on the structure of rough
metal interfaces can be obtained from an analysis of the frequency dispersion [10] .
It should be noted that most of the works published on this matter are concerned
with mathematical fractals [6], dispersed metal powders [10], large dendritic [11] and
highly ramified fractal blocking electrodes [12] with dimensions ranging from 10'
to 1 cm. Conversely, little is known about the impedance spectrum of rough
columnar metal films, i .e., those films with an average thickness in the range 10 -5 to
10- ' cm, grown from the vapor phase or by electrodeposition from metal oxides .
The surface of these films has been described either as self-affine [13] or self-similar
fractals [14] although the nature of the elements which exhibit scaling behaviour
remains unclear .
Here we report on the surface of electrodispersed columnar gold electrodes
(EDAuE) [15-17] with controlled surface roughness by using scanning tunneling
microscopy (STM) and scanning electron microscopy (SEM), and correlate the data
obtained by these techniques to the impedance spectrum of the films . The influence
of thin metal film parameters such as film thickness, column and pore size as well as
the electrolyte composition and resistivity on the frequency dependence of the
impedance spectrum are investigated in order to establish the origin of the frequency
dispersion in these systems .
EXPERIMENTAL
1 . Electrode preparation
The in-situ preparation of the EDAuE's has been extensively described elsewhere
[15-17]. Briefly, a polycrystalline Au wire electrode immersed in 0 .5 M H2SO4 at
room temperature was anodized at 2 .6 V (SHE) for a preset time to accumulate a
certain amount of hydrous gold oxide depending on the duration of the anodization
treatment. The hydrous gold oxide layer was subsequently electroreduced through a
potential sweep run at 0.1 V/s from 1 .65 V to 0 V. The resulting EDAuE had an
average thickness in the range between 4 x 10 -6 to 3 x 10 -4 cm depending on the
amount of the hydrous gold oxide accumulated as a layer on the gold substrate . The
active surface area of the EDAuE's (ARA) was voltammetrically determined in 1 M
H2 SO4 through the ratio between the 0-adatom monolayer electrodesorption charge
and the O-adatom monolayer electrodesorption ; charge density taken as 0 .42
mC/cm2 [17]. The corresponding roughness factor, R, was defined as the quotient
1 2 7
of ARA and the initial active area (IAA) evaluated before applying the electrochem-
ical roughening treatment . This means that R=ARA/IAA, using the O-atom as
the yardstick.
2. Impedance measurements
Impedance measurements were made in a conventional three electrode cell with a
large area Au counterelectrode, a Hg/Hg 2SO, reference electrode and the EDAuE
working electrode immersed in either x M H2SO4 or x M HC1O4 (10 -4 < x < 1).
The specific resistivities, p, of these solutions were in the range 1 x 104-5 0 cm
Impedance measurements were made by using a conventional electrochemical
impedance bridge which gives accurate data in the dilute acid solutions . The
impedance spectra were obtained at 0 .30 V (SHE), a potential region where no
faradaic reactions could be detected, so that the electrode approaches the ideal
conditions of a metal blocking electrode . The working frequency range was selected
as 102 < f < 104 Hz in order to avoid any electronic artifacts . Accordingly, no
influence of the electrode position in the electrochemical cell on the a value was
detected. All impedance measurements were made by applying to the working
electrode a small signal amplitude of 7 mV .
The value of R for the EDAuE's immersed in acid solutions decays slowly after
the first 10 min . This process which results in a decrease of the active surface area,
involves times in the range of 10 4 s [17]. The impedance measurements were made
at different times in the slow decay regime (t > 10 min). As the impedance
measurement itself involved a relatively short time, the change in R taking place
during the measurements could be neglected . This approximation was justified by
the fact that no hysteresis in the capacitance values (C) during the impedance
measurements could be observed .
3. STM measurements
STM measurements were made using a piezo tube STM microscope operating in
air. Cut platinum wires (0.2 mm dia.) were used as tips . Measurements were made
using a constant tunnel current of 1-2 nA with a tunnel voltage of 0 .1 V (tip +) .
Data were acquired with an automated work-station and stored as digitized images .
The latter are presented as grey scale representations .
RESULTS
1. SEM and STM measurements
SEM micrographs of the cross section of EDAuE's (R = 80) are shown in Fig. 1 .
The film thickness lies between 1 x 10 -4-1.5 x 10 -4 cm (Fig. la). At this magnifi-
cation small height differences in the profile along practically 5 X 10 -4 cm are
observed suggesting the self-affine nature of the electrode surface ]14] . A detailed
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Fig . 3 . Impedance spectra of EDAuE (R = 39) obtained in H 2SO, at various concentrations. The arrows
indicate of various w values in Hz .
analysis at higher magnifications (Fig . lb) shows poorly resolved irregular elongated
grains and a void network as expected for a columnar microstructure [13] .
A series of micrographs of the EDAuE surface (R = 80) taken in the tam
(SEM)-nm (STM) range is shown in Fig . 2 . The surface looks similar at all scale
lengths with ramified pores between the small rounded top of the columns . It should
be noted that a similar pore shape is observed by STM and SEM indicating that tip
geometry has no influence on the STM images. The tops of the columns are smooth
and without defects, i.e. steps up to a resolution of 1 nm. From the micrographs the
average column top size was estimated to be 30 rim, and pore sizes between 20 mn
and 2000 rim . We have also grown gold films of various thicknesses . The changes in
film thickness from 1 X 10_ 5 cm to 3 X 10 -4 cm results in the increase of the
average size of column tops from 30 tun to 60 rim . Accordingly, we also observe an
increase in the pore size .
2. Electrochemical measurements
Typical impedance spectra obtained for EDAuE (R a 30) in 1 M H 2SO4 and
10 -2 M H 2SO4 after subtraction of the constant real part are shown in Fig . 3 . The
logwC vs. log w plots exhibit straight line relationships, the slopes of which (a)
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Fig . 4. Plots of logwC vs. logw for the results shown in Fig . 1 . (*) 1 M H 2SO4, (o) 1 x 10 -2 M H 2SO44
to 10 -2 M (Fig. 4). This effect depends also on the value of R . For the limiting case
of a smooth Au electrode (R = 1) or for EDAuE's showing small R values (R = 4),
a decreases slightly with c (Table 1). Conversely, for the EDAuE's with large R
values (R > 30) the value of a decreases markedly from 0 .95 to 0.76 as c moves
from 1 M to 10_ 2 M and then decreases slightly to reach 0.68 for c = 10-4 M
(Table 1). It should be noted that for c =1 M all the electrodes show an apparently
common value of a (a = 0 .95 ± 0 .02). The addition of Na 2SO4 to 10-3 M H2SO4 to
reach a similar ion concentration to the 1 M solution, yields a value of a = 0.93 .
This result becomes independent of the value of R . The relationship between a and
c becomes nearly independent of the nature of the electrolyte solution, although the
values of a obtained in HCIO4 solutions are slightly different from those found in
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TABLE 1
Average values of a for EDAuE's in H2SO4 solutions at various R values
a These values exhibit a greater error than those obtained in the more concentrated solutions .
TABLE 2
Values of a for EDAuE in H2SO4 and HC104 at various concentrations
H 2 SO4 solutions (Table 2). These differences are principally due to differences in
the corresponding resistivity values .
Two effects might account for the complicated surface impedance of these
electrodes . The first is related to the surface roughness and the second to the
chemical surface heterogeneity [18] . In order to establish whether the observed
frequency dispersion is connected to surface roughness, runs were made by using
EDAuE's of differing R values. The increase in R from 1 to 130 shows no
appreciable effect on the a value determined in 1 M H 2 SO4 (Table 3) whereas a
decrease of the value of a from 0.93 to 0.74 in 10 -3 M H2SO4 for EDAuE's with
R > 20 (Fig. 5) is observed. On the other hand, the current/potential profiles of the
EDAuE's recorded at 0 .1 V/s in 1 M H 2 SO4 show no differences in the shapes and
potentials of the O-electrosorption current peaks,,as R increases from 4 to 80 . In all
cases the shape of the voltammograms resembles closely that corresponding to a
TABLE 3







c/mol L-t aR<s OA >"
1 0.95±0.02 0 .95 ± 0 .02
10-t 0.93±0.02 0.91±0.02
10 -2 0.93±0.02 0 .76 ± 0 .04
1n -3 0.91±0.02 0.74±0 .04
10 -4 0 .92 a 0.68 4
Solution a (R = 30)
1 M H IS04 0.95±0 .02
10-3 M H 2SO4 0.74±0 .04
1 M HCIO4 0 .97
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Fig. 5 . Plots of IogwC/vs . log w for EDAuE's with various R values in 1 x10 -3 M H2SOQ ; (o) R=1,
(o) R = 32, (A) R = 50,(x) R - 132 .
polycrystalline gold electrode. Then, a change in the chemistry of the surface with R
can be discarded as the origin of the complicated surface impedance which can be
attributed to surface roughness .
The value of R for an EDAuE (h 5 x 10 5 cm) decays with time by ageing in 1





















4 8 12 16 20
t '4 /S 1/4
Fig . 6. Plots of a vs . t obtained in H 2SO4 (•) 1M and (o) 1X10-3 M and (o) plot of R vs . I. Average
columnar radii at various times are indicated .
Fig . 7. Plot of 1/R vs t'" 4 for data shown in Fig. 5 .
decreased from 45 to 20, the value of a measured in 10 - ' M H2SO4 remains
independent of the ageing time t .
DISCUSSION
The interpretation of the impedance spectra of EDAuE's in contact with differ-
ent electrolyte acid solutions can be based on the facts that the surface chemistry
and the structure have been already reasonably established . Thus, the electrochem-
ical behaviour of gold in the potential range where the impedance measurements
were made approaches the ideal conditions of a blocking electrode, i .e. an ideally
polarizable electrode, independent of the R value . Besides, the structure can be
unambigously described as a columnar thin metal film. For such a system the value
of R has been related to the average geometrical parameters of the deposit by the
simple equation [17] :
R = vrh/3r (2)
where h is the average height (which corresponds to the metal film thickness) and r
is the average radius of columns . According to a preceding work [17,19], linear R vs.
h relationships have been obtained for over two decades in the magnitude of the h
scale with a slope b = it/3r . This means that the average value of r appears as a
constant, r -_ I x 10 6 cm for the range of h covered by the present work. For this
simple columnar structure, the pore models [5,20] could be implicated in the origin
of the frequency dispersion observed for R > 20 and c < 10-2 M (p > 300 SZ cm - ').
The cylindrical pore model has been applied to study the structure of various
powder catalysts (5,10). For this model, the current penetration, X, into a pore of





where rp is the pore radius, Cd is the specific capacitance and p is the electrolyte
resistivity . By using eqn . (3) and Cd = 2 X 10 -5 F cm -2 , p = 2 x 10 3 E2 CM -1
(1 x 10 - ' M) for r. =1 x 10 -4 cm (the biggest pores) A becomes 1 X 10-4 cm and
1 x 10 -3 cm at f =10 KHz and f = 100 Hz, respectively. Considering that h ranges
between 3 x 10-5 cm and 2 x 10 -4 cm, these values imply that the largest pores are
totally penetrated by the current . Conversely, for rp = 1 x 10 -6 cm (the smallest
pores) one obtains A = 1 x 10 -5 cm and A = 1 X 10 -4 cm for f =10 KHz and
f = 100 Hz, respectively . This means that at the higher frequencies the small pores
are only partially penetrated by the current so that their surfaces contribute
partially to the sampled electrode area . These small pores appear to be responsible
for the observed frequency dispersion . These considerations take into account the
absence of marked changes in a during recrystallization . As was mentioned before,
the ageing process influences the value of R as the columnar structure goes in the
direction of producing an increase of r at a nearly constant h . It has been recently
found that the kinetic law for roughness decay at EDAuE's and EDPtE's is given by
the equation [21] :
R - ' = Bt'14 + K
	
(4)
where B=2(ya4D,/kT) 1"4 (3/crh) and K=ro/h . In eqn . (4) y is the surface
tension of the gold, a is the lattice parameter, Dg is the surface diffusion coefficient
of atoms at the absolute temperature T, k is the Boltzmann constant, and ro is the r
value for t = 0 . From the slope of the straight line resulting by plotting R - ' vs t 1/4
(Fig. 7), and by using y = 900 erg/cm2 a = 4 .07 x 10 - ' cm, T= 288 K and
h = 1 x 10-5 cm, one obtains D, = 1 x 10 -14 cm2/s. Likewise, from the value of K,
ro = 10 -6 cm results . Both figures are in good agreement with data derived previ-
ously throughout the evolution of the rough gold surface [21,22] . Therefore, the
validity of equation (4) allows the values of r for the aged,, rough structure at
various ageing times to be estimated (Fig . 6) . In this case the progressive increase in
the grain size, which leads to an increase in r p produces only a very slight change in
the value of a for the frequency range studied in this work . This experimental fact
can be explained considering the changes introduced in the film structure by the
reconstruction process . The latter involves mass transfer between the tops of the
columnar elements forming, by coalescence of small units of 20-30 nm in size,
bigger ones of 50-60 nm without any marked change in film thickness (h) . Thus,
small pores grow at a practically constant h producing a large decrease in roughness
(R proportional to 1/r) (Fig . 6) . Thus, the shape of the resulting pore is maintained
as its length differs slightly and the change in size is relatively small (ry 'C pore
length - h) . This means that a cannot serve as an indicator of the changes produced
during recrystallization .
However, the cylindrical pore model requires a = 0 .5 rather than a - 0.7 ob-
served in these systems. It is evident that a columnar model involving values of r
which are independent of the film thickness has been considered only as a rough
approximation to real columnar systems . The STM measurements reveal that r and
rp increase with h as expected from theoretical considerations [231 . The change in rp
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with h should explain the slight increase in the C values observed in the dilute
solution when R changes from 30 to 135 (Fig . 5). Then, one should use the pore
models developed in ref. 20. For different pore geometries, i .e. horn-shaped pores, if
the decrease in pore radius is slower with pore depth, the value of a becomes
smaller and approaches the limit a = 0 .5. Using these models a values between 0 .75
and 0.66 could be explained. However, a close inspection of Figs . 1 and 2 suggests
the fractal nature of the electrode surface. So, in principle, fractal models seem to be
applicable. According to these models the frequency dispersion is due to the fractal
nature of the electrode/electrolyte interface and the frequency exponent a is related
to the fractal dimension D of the electrode surface. In general, two different models
can be used; their validity can be tested by estimating D from a and comparing it
with the D value measured by an independent method. The first model introduced





Taking a = 0.74 for our results at 3 x 10-5 < h < 3 x 10-4 and p > 300 Ia cm- ', D
is 2.26. This value is lower than D = 2.5 ± 0 .1 obtained for the same h range by
using an island type analysis of the ramified voids by STM [24] which applies to
both self-affine and self-similar surface fractals . It should be noted that when Liu's
model is generalized there is no universal relation in which a is a simple function of
D (25).
The second model proposed by Le Mehaute (1) for self-similar fractals gives a
reciprocal relationship between D and a of the type
D=1/a+1 [61
For electrochemically grown silver deposits a better agreement was observed using
eqn. (6) rather than (5) [11]. However, in this case, for a = 0 .74, one obtains
D = 2.35 which is also lower than D = 2.5 ± 0.1 obtained in ref. 24. As the
differences between the D values derived from the STM method and those obtained
from the two models are similar, one cannot discriminate with confidence between
these models .
Nevertheless, it was recently reported that a self-similar surface fractal does not
show the behaviour described by eqn . (1) [18] . For self-similar surface fractals only a
transition from the low frequency capacitive behaviour to the high frequency
resistive behaviour over a small range of frequencies is observed [18] . It should be
noted that the assertion that all fractal interfaces have a fractional-power-law
impedance has been questioned (26) . Conversely, self-affine surfaces exhibit a
power-law scaling of the effective impedance with D = 3 - a (18) .
Thus, from the present results one can only conclude that the columnar gold
surface behaves as a self-affine surface fractal as it exhibits self similar behaviour of
the impedance (eqn. (1)) . This conclusion is supported by the STM-SEM data
(Figs. 1 and 2) and also from large scale computer simulations of columnar
structures [14,27] . The origin of the frequency dispersion can be explained qualita-
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tively considering that as w increases the contribution of the smallest pores to the
electrode area decreases, leading to a complicated surface impedance . Finally, it
should be noted that some dependence of a on p can be deduced from the
experimental results (Table 1) . This behaviour was reported for rough metal
electrodes in different electrolytes (121 . This suggests the possibility that the electro-
lyte side of the interface also plays a role in determining the a value of the system .
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